In this study, we have deleted the lef8 gene of the baculovirus BmNPV, which encodes one of the viral RNA polymerase subunits, in order to create a knockout bacmid, Dlef8, directing cytopathology-free single-cell infections for gene transduction and recombinant protein production. However, while removal of the complete lef8 ORF produced the expected phenotype, it also affected the function of the closely linked essential gene orf40, thus hampering the mutant bacmid rescue in cultured Bombyx cells expressing recombinant LEF8. Subsequently, we determined that several diverse sequences can substitute for the orf40 59-upstream sequences that were removed by the deletion of the lef8 gene and also showed that neither a physical linkage nor expression of the two relevant genes under native promoter control is a prerequisite for a fully functional virus. Based on these findings, we generated a rescue-competent lef8-null vector, which contained a heterologous promoter-driven orf40. This lef8-deficient vector, which produces productive infections and progeny virus lacking lef8 in deficiency-complementing cells expressing LEF8, could be used as the basis for an alternative to current silkmoth transduction systems.
INTRODUCTION
Bombyx mori nucleopolyhedrovirus (BmNPV) is an alphabaculovirus with a host range restricted to the silkworm, Bombyx mori (Rohrmann, 2013) . As with all baculoviruses, it exhibits the distinct multi-stage gene expression profile with early and late transcripts, with the transition being induced by the initiation of viral DNA replication and production of a viral DNA-dependent RNA polymerase (Rohrmann, 2013) . The latter comprises four protein subunits encoded by late expression factor (lef) genes, LEF4, LEF8, LEF9 and P47, each contributing two molecules to a final holoenzyme (Guarino et al., 1998) .
lef8 is an essential gene, since insertional knockout (KO) BmNPV mutants were unable to initiate very late transcription or produce infectious virions (Ono et al., 2012) and could not be isolated (Gomi et al., 1997) . Nevertheless, previous studies on a thermosensitive lef8 mutant (lef8 ts ) demonstrated that, although the mutant virus was unable to induce virus-related pathology and virion production in infected cells at the non-permissive temperature, it retained a replication capacity similar to the wt virus (Farrell, 1998; Shikata et al., 1998) . This replication-positive/ late expression-negative phenotype was further corroborated by lef8 dsRNA silencing experiments in Sf21 cells infected with Autographa californica multiple nucleopolyhedrovirus (AcMNPV) (Schultz & Friesen, 2009) . Most importantly, evidence has been presented suggesting that the arrest in lef8 ts virus late functions is not accompanied by an arrest in host cell protein synthesis (Shikata et al., 1998) , a property unique amongst other studied mutations, which were found to arrest late viral functions but also the cell's biosynthetic activities (Partington et al., 1990) .
These specific traits of the lef8 ts mutation could be exploited toward the generation of a new, infection-deficient baculovirus-based transduction vector. Such a vector could minimize difficulties imposed by current baculovirus expression systems by allowing transduced cells to proliferate and maintain essentially normal protein synthetic functions despite the presence of multiple viral genomes in them.
The lef8 ts mutant, which functioned as a LEF8 KO only at the non-permissive temperature of 33 uC, was far from ideal for such applications, since return to a lower culture temperature, which is essential for optimal cell functioning, allowed replicated viral DNA to become virulent and eventually kill the host cells. Given this limitation, a stable lef8 KO approach would be more appropriate. To that end, mutant viruses substituting a reporter construct for a portion of the lef8 ORF were constructed previously (Farrell, 1998) . However, attempts to purify and propagate these early KOs in silkmoth cells expressing LEF8 under heterologous promoter control were unsuccessful owing to generation of pseudo-wt viruses caused by homologous recombination-directed reacquisition of a functional lef8 ORF by the viral genome (Farrell, 1998) .
Here, we report on a renewed effort to generate a lef8 KO mutant bacmid, Dlef8, that completely lacks the lef8 ORF and can be assembled into stable infectious particles by extra-viral LEF8 complementation without reversion to wt-like phenotypes. Upon transfection into normal host cells, the Dlef8 bacmid produces a replication-competent and pathology-free phenotype. We also describe how the lef8 deletion caused a secondary deficiency involving the neighbouring gene orf40, which initially prevented the rescue of the lef8-deficient bacmid by cells expressing exogenous LEF8, and the steps taken to remedy the malfunction of orf40 and resolve the problem. The final lef8 KO bacmid could be rescued by trans-complementation in cells expressing recombinant LEF8 without reverting to a pseudo-wt phenotype. This result demonstrates the feasibility of generating a stable, replication-competent but infection-deficient transduction vector that may impact minimally, if at all, on the biosynthetic functions of normal host cells.
RESULTS

Functional characterization of a lef8-deficient BmNPV bacmid
To examine the consequences of lef8 deletion from the genome of BmNPV, we generated a bacmid vector, Dlef8, which substitutes a dual yellow fluorescent protein (YFP) expression and Zeocin resistance (A.yfp/zeocin) cassette for the lef8 ORF (Fig. 1a) . Transfection of this bacmid DNA into Bm5 cells did not result in the appearance of pathogenic effects in the cells, which nevertheless displayed YFP expression (Fig. 1b, left) . Cell proliferation was apparently normal, with no signs of infection, such as cell detachment and nuclear enlargement, while the number of cells expressing YFP decreased with time (Fig. 1b,  right) , presumably owing to the inability of the Dlef8 bacmid to produce infectious virus and spread the infection. Inoculation of fresh Bm5 cultures with medium of Dlef8 DNA-transfected Bm5 cells at 3, 5 and 7 days posttransfection (p.t.) showed no YFP expression, further confirming the lack of infectious Dlef8 virions.
Quantification of intracellular bacmid DNA copies in Bm5 cultures transfected with Dlef8 or the wt bacmid revealed a sharp contrast between the steadily increasing wt and Dlef8 DNA after 48 h p.t. (Fig. 1c) . Nevertheless, the latter remained essentially constant over a period of a week, exhibiting a pattern similar to that of the vlf1 and an KO AcMNPV bacmids, which also replicate only in initially transfected cells (Vanarsdall et al., 2005) . The steadily diminishing DNA of the pEIA.myc-lef8 vector served as an indicative example of how a non-replicating element fares with time. Moreover, the lack of secondary infection by Dlef8 creates a bacmid DNA content cap owing to the finite number of transfected cells receiving the mutant DNA (*10 %), which provides viral growth curves such as those shown in Fig. 1(c) .
The Dlef8 bacmid phenotype is consonant with the previously reported phenotypes of the lef8 ts mutation and anti-lef8 RNA interference treatment.
Extra-viral provision of recombinant LEF8 is not sufficient for Dlef8 rescue To rescue the Dlef8 mutant, we co-transfected cells with Dlef8 bacmid DNA and either of two constructs directing expression of Myc-tagged LEF8. The first was based on the high-performance expression vector pEIA (Douris et al., 2006) , while the second employed the constitutive Drosophila heat-shock protein 70 gene promoter, which yielded roughly 70 % of the expression level of the silkworm actin A3 gene promoter (K. Ioannidis, unpublished data). During the first 48 h p.t., the co-transfected cells produced significantly higher levels of lef8 transcripts than control cells transfected with wt bacmid (Fig. 2a) .
To evaluate whether the recombinant Myc-LEF8 could function effectively in this context, we measured the stimulation of late viral gene expression through the accumulation of vp39 transcripts. As evident from Fig. 2(b) , more vp39 transcripts accumulated in cells co-transfected with the myc-lef8 expression plasmids, although significantly fewer than those present in cells transfected with wt bacmid DNA. Nevertheless, this result suggested that the recombinant Myc-tagged LEF8 protein interacted with the other viral RNA polymerase subunits to create a functional enzyme.
The extra-viral LEF8 supplementation did not, however, restore a wt phenotype, as there was no improvement in Dlef8 bacmid copy numbers over wt (Fig. 2c) . Moreover, inoculation of fresh Bm5 cells with supernatant of the transfected cultures did not result in the appearance of YFP-positive cells, thus confirming the lack of any appreciable virion production. Since the LEF8 supplementation did provide substantial late expression stimulation, the lack of virion production should be attributed to some other factor(s) that may have been affected by the lef8 gene deletion.
Dlef8 rescue by insertion of LEF8 expression constructs into the lef8 locus To further examine possible Dlef8 bacmid rescue requirements, we inserted into the lef8 deletion site a variety of constructs expressing authentic or variant lef8 forms under native or heterologous promoter control in native (lef8-like) or inverted orientations, as replacements of the A.yfp/zeo cassette (Fig. 3a) . In each case of successful rescue, the respective infectious bacmid was isolated and its intracellular DNA levels upon infection of new host cells were compared with those of wt bacmid.
Insertion of a myc-tagged version of lef8 in native but not inverse orientation restored an infectious phenotype upon recombination (Fig. 3b) , confirming that Myc-LEF8 is a valid LEF8 replacement. Judging from the intracellular DNA levels of the myc-lef8 bacmid at specific time points p.i. (Fig. 3b) , we surmise that this bacmid is functionally identical to wt.
A myc-tagged version of AcMNPV lef8 in native lef8 orientation (Aclef8; Fig. 3a ) was also able to substitute for its BmNPV counterpart (Fig. 3b) . In contrast, no infectious virus could be obtained with the distantly related lef8 ORF of Cotesia congregata polydnavirus (Cclef8; Fig. 3a ) (Bézier et al., 2009) , presumably because of the high degree of divergence, which may render it unable to substitute for Bmlef8 in the context of BmNPV infection.
Concerning the testing of heterologous promoter-driven lef8 expression, two constructs, A.lef8 and hsp70.lef8, employing the constitutive B. mori A3 actin and Drosophila hsp70 promoters, respectively (Fig. 3a) , were examined. The A.lef8 cassette was able to substitute for the lack of lef8 and provide a wt-like replication rate to the Dlef8 bacmid (Fig. 3b) only when inserted in the same orientation as the native lef8 ORF. Similarly, insertion of the hsp70.lef8 cassette resulted in the generation of an infectious virus, which also exhibited replication in infected Bm5 cells similar to or even higher than wt virus (Fig. 3b) .
Finally, we examined the result of the hsp70.lef8 module insertion into the bacmid's Tn7 transposition acceptor site, situated in the polyhedrin locus ( Fig. 3c ; Luckow et al., 1993) , or a non-essential/neutral region of the BmNPV genome, between ORFs p95 and p15 (Lu et al., 1998) . Transposition of the hsp70.lef8 cassette into the Tn7 site using the donor plasmid pFBd hsp70.lef8/polh resulted in the generation of bacmid hsp70.lef8/polh. Transfection of Bm5 cells with this bacmid did not yield an infectious phenotype, as evidenced by the lack of cellular pathology and the absence of infectious viral particles and polyhedral occlusions. Judging by the same criteria, the targeting of the expression cassette to the aforementioned neutral region of the BmNPV genome did not restore the infectious phenotype either. Given these results, both heterologous expression modules, A.lef8 and hsp70.lef8, seemed capable of driving physiologically relevant LEF8 expression levels, resulting in rescue. Yet, the apparent orientation dependence of the rescue phenomenon and lack of rescue when inserting these constructs in other, unrelated regions were puzzling, since they suggested a position effect interfering with the KO design.
The relevance of orf40 for Dlef8 rescue As explained earlier, the requirement for complete rather than partial removal/disruption of the lef8 ORF stemmed from the need to avoid re-acquisition of a functional lef8 gene and thus generation of pseudo-wt viruses in lef8-expressing host cells by homologous recombination between lef8 sequences present in the cells and residual lef8 sequences in the viral genome. However, given the closely packed nature of the viral genome, complete removal of lef8 could have implications for other, closely linked viral genes. Inspection of the lef8 locus revealed the presence of two genes placed in close proximity to lef8, orf40 and ets (Bm38) (Fig. 1a ). Of these, orf40 was reported to be essential (Rohrmann, 2013) , with a documented impact on viral function, as its insertional mutant exhibited a single-cell infection phenotype (Ono et al., 2012) . Moreover, the distance between the 59-ends of the divergently transcribed lef8 ORF and orf40 was only 26 bp, making orf40 the prime candidate for a gene whose expression might be adversely affected by the lef8 ORF deletion.
A preliminary study of orf40 expression in cells transfected with Dlef8 bacmid revealed that orf40 was transcribed, but at levels significantly lower than those of the wt bacmid (Fig. S1 , available in the online Supplementary Material). The orf40 transcriptional behaviour paralleled that of the biphasically transcribed but topologically unrelated gp64 gene (Fig. S1 ), thus appearing to be primarily due to the lack of late expression rather than to a potential early transcriptional defect caused by the removal of orf40 59-upstream sequences present in the N-terminal portion of the lef8 ORF. Yet, the apparent necessity for rescue constructs to be properly oriented in the lef8 locus dictated a further assessment for possible orf40-related requirements.
To this end, we used vector pEA.orf40 (Fig. 4a, middle) , which directed constitutive orf40 expression, in mutant rescue experiments involving the hsp70.lef8/polh bacmid (Fig. 3c ), which, as described above, was unable to yield infectious virus and polyhedral occlusions in transduced cells. On the assumption that ORF40 is a rescue-limiting factor, co-transfection of Bm5 cells with pEA.orf40 could result in rescue either through the provision of sufficient ORF40 quantities or by homologous recombination-mediated integration of an actin promoter-driven orf40 copy into the viral genome and generation of a wt-like bacmid lacking yfp, as depicted in Fig. 4(a) .
Following transfection of Bm5 cells with hsp70.lef8/polh bacmid DNA, either alone or together with pEA.orf40, the medium from the transfected cultures was transferred at 6 days p.t. to control Bm5 cells, which did not contain pEA.orf40. At 5 days post-transfer, only the cells that received medium from the co-transfection displayed clear signs of infection, which included multiple occlusion bodies (Fig. 4b) . Since polyhedra could only be produced from a self-sustained wt-like virus, their presence suggested the rescue recombination event shown in Fig. 4(a) . The rescued virus was purified by virtue of its polh + /YFP 2 phenotype.
PCR analysis of purified rescued virus DNA confirmed the presence of orf40 downstream of the actin promoter (data not shown). Since the constitutive actin promoter can rescue the defective bacmid, apparently by driving efficient ORF40 expression, we conclude that lack of critical orf40 regulatory elements in the Dlef8 bacmid contributed to the Dlef8 phenotype. Parallel analysis of intracellular viral DNA levels at specific times p.i., showed the replicative capacity of hsp70.lef8/polh/A.orf40 bacmid to be similar to that of wt bacmid (Fig. 4c) . Fig. 3 . Rescue attempts with lef8 substitutes into the Dlef8 genome. (a) The various lef8 ORF replacements are shown in native lef8 orientation. The sign marks payloads used in both orientations. The dashed lines mark the limits of the A.yfp/zeo reporter construct, which was replaced by the lef8 ORF substitutes depicted. (b) Intracellular bacmid DNA levels at specific time points after infection of Bm5 cells at an m.o.i. of 6 with the rescued myc-lef8, hsp70.lef8, myc-aclef8 and A.lef8 bacmids. A fold value of 1 equals 100 % of wt copies. Bars represent SD (N ¼ 2). (c) The transfer vector pFBd hsp70.lef8/polh targets the hsp70.lef8/polh expression construct to the mini-attTn7 acceptor site of the Dlef8 bacmid, which is located in the polyhedrin locus (box in bottom portion of the map).
These results document that neither physical linkage nor coordinate expression of lef8 and orf40 is prerequisite for full functionality of BmNPV.
Integration of a constitutively expressed orf40 gene into the viral genome allows rescue of the lef8 KO mutation in LEF8-expressing cells
Given the above findings, we constructed a new lef8 KO bacmid by replacing the lef8 gene with a Zeocin-resistance element and a silkmoth actin A3 gene promoter (Fig. 5a,  upper) , which generated the A.orf40 arrangement of the rescued hsp70.lef8/polh/A.orf40 bacmid shown in Fig. 4(a) . We further equipped this bacmid by Tn7 transposition with a BmNPV polyhedrin and a gfp ORF driven, respectively, by the AcMNPV polyhedrin and p10 promoters of the pFastBac dual vector (Fig. 5a, lower) . If infectious, this bacmid, designated polh/p10.gfp/A.orf40 Dlef8, should produce occlusion bodies and GFP upon completion of the infection cycle, allowing easy detection of rescue.
Co-transfection of Bm5 cells with polh/p10.gfp/A.orf40 Dlef8 bacmid and a Myc-LEF8 expression vector, phsp70.myc-lef8, yielded infectious virus that produced occlusion bodies and GFP (Fig. 5b) , marking a successful rescue, albeit with low efficiency. Most importantly, when medium from co-transfected cultures was used to inoculate new Bm5 cells, occlusion bodies, and thus viral cycle completion, were only observed in cells transfected with the LEF8 expression vector. The virus-containing medium did not yield productive infections in control Bm5 cells lacking LEF8, a result suggesting absence of pseudo-wt revertant virus produced by homologous recombination in the LEF8-expressing cells.
DISCUSSION
Deficient baculoviruses that enter host cells without inducing pathogenic effects may have important applications as gene-transducing vectors. Moreover, vector DNA replication is a desirable trait for biotechnological applications, because it allows generation of adequate template genomes for post-transduction expression. Multiple mutations are known to arrest baculovirus functions in host cells after viral genome replication (Partington et al., 1990) . However, all of them also block the normal protein synthetic activities of the host cells after the post-replication block (Partington et al., 1990) . Moreover, protein synthesis arrest and chromatin exclusion/segregation have been considered unavoidable consequences of baculovirus DNA replication (Schultz & Friesen, 2009 ). To our knowledge, the sole possible exception to this rule is the lef8 ts mutation of BmNPV (Shikata et al., 1998) . At the non-permissive temperature of 33 uC, this mutation allowed normal DNA replication and blocked all post-replicative viral functions in host silkmoth cells, while allowing host protein synthesis, a process severely affected in baculovirus expression systems employing late baculovirus promoters for batch expression of recombinant proteins.
Previous efforts to generate a LEF8 production-deficient virus, which could function like the lef8 ts mutant but without temperature dependence, by partial removal or insertional inactivation of the lef8 gene, had failed owing to homologous recombination events in cells expressing recombinant LEF8 leading to reconstitution of a functional lef8 gene and generation of pseudo-wt lef8 revertants (Farrell, 1998) . For this reason, here we attempted the deletion of the entire lef8 ORF from the BmNPV bacmid, a manipulation producing a single-cell infection and secondary infection-deficient phenotype for the Dlef8 mutant bacmid (Fig. 1c) . In the course of characterizing this bacmid, however, we discovered that the lef8 ORF deletion affected adversely the function of another essential viral gene, orf40, which is located immediately upstream from lef8 and is divergently transcribed relative to the latter.
The protein encoded by orf40, with homologues in all lepidopteran nucleopolyhedroviruses (Gomi et al., 1999; Wang et al., 2002; Xu et al., 2006) , encompasses an RNA-binding domain (Cléry et al., 2008) of unknown binding-target specificity. Although the function of ORF40 remains unclear, a link with virion production is possible, as ORF40 is detected in budded and occlusionderived virions (Wang et al., 2002; Xu et al., 2006) . Replacement of the A.yfp/zeo reporter construct by myctagged versions of BmNPV or the closely related AcMNPV lef8 ORF created in both cases fully infectious, wt-like viruses, thus showing that the Myc-tag does not interfere with either LEF8 protein function or orf40 regulation. Cclef8 on the other hand was unable to act as a lef8 substitute, thus precluding its use as a homologous recombination-refractory rescue element. Otherwise, such an element could allow a simpler lef8 KO design, based on partial deletion/insertional mutagenesis and thus with no adverse effects on orf40.
Replacements with heterologous lef8 expression cassettes also resulted in the generation of fully infectious viruses. Apparently, both the Bombyx actin and Drosophila hsp70 gene promoters are capable of directing sufficient levels of LEF8 expression. Since orf40 was transcribed, to a limited extent, in the Dlef8 genome, the rescue-capable sequences seemed to have provided synthetic 59 orf40 upstream elements that coordinated an extra level of regulation necessary for completion of the infection cycle. However, an in silico analysis of the native and heterologous orf40 sequence motifs upstream of 226 (Dlef8 deletion junction) in the wt bacmid as well as rescued and not rescued constructs for the presence of putative regulatory elements contributing to an expanded regulation of orf40 transcriptional expression did not reveal any obvious spatially conserved arrangements of specific regulatory motifs. On the other hand, given the high degree of sequence identity in the orf40 and Ac51 (orf40 AcMNPV homologue) loci and the previously determined transcription start site (TSS) of Ac51 at position 2162 , the orf40 TSS was hypothesized to be analogously located. Because of this and the different goal of this study, the experimental elucidation of the orf40 TSS has not been pursued further.
Having shown that the presence of an orf40-lef8-like locus employing homologous or heterologous, myc-tagged or untagged lef8 gene constructs could reconstitute a wt-like virus phenotype (Fig. 3) , we have also demonstrated that neither a physical association of orf40 with lef8 nor expression of these two genes under native promoter control is a prerequisite for completion of the infectious cycle.
Based on these findings, we generated a new Dlef8 bacmid, polh/p10.gfp/A.orf40 Dlef8, which employed the actin gene promoter to drive expression of orf40. This new Dlef8 bacmid could be rescued in trans by extra-viral LEF8 production and produce infectious virions (Fig. 5b) , with the rescue being cell-autonomous, i.e. restricted to LEF8-expressing cells, with no signs of infection evident in cells lacking LEF8. Given the cell-autonomous rescue property, the low transfection efficiencies apparently contributed to the low yields of viral progeny obtained in our case. Further optimization involving the generation and use of stably transformed rescue cell lines expressing uniformly appropriate levels of recombinant LEF8 will be required for enhanced lef8 KO virus production and achievement of sufficient quantities of virus progeny. Subsequent testing of the latter will also establish unequivocally whether or not this new vector indeed bypasses, as predicted, the host protein synthesis arrest of active replication functions, thus providing a better alternative to current transduction systems.
METHODS
Bacteria, bacterial cell transformation and DNA preparation.
Strains DH5a and DH10B were used for routine propagation and engineering of plasmids and bacmids respectively, according to established protocols (Chung et al., 1989; Sambrook et al., 1989; Sharma & Schimke, 1996) . Bacmid DNA was introduced into DH10B cells by electroporation (Sheng et al., 1995;  H. Tong-Chuan, K. W. Kinzler & B. Vogelstein, http://www.coloncancer.org/adeasy/protocol2.htm) using a Bio-Rad MicroPulser electroporator. Zeocin (InvivoGen), kanamycin (Applichem), ampicillin (Applichem), tetracycline (Sigma) and gentamicin (Applichem) were used at the established concentrations of 25, 50, 100, 10 and 7 mg ml 21 , respectively (Invitrogen, 2004; Sambrook et al., 1989) .
DNA was prepared by alkaline lysis scaled to cell volume (Sambrook et al., 1989) . Bacmid DNA was prepared using the Qiagen LargeConstruct kit. The GeneJet kit (Fermentas) was used for isolation of DNA fragments from agarose gels.
Insect cells and viruses. Bm5 cells [B. mori ovarian origin (Grace, 1967) ], grown in IPL-41 medium (Invitrogen) (Weiss et al., 1981) supplemented with 10% FBS (Johnson et al., 1992; Stavroulakis et al., 1991; Zhang et al., 1992) , were used for maintenance and characterization of the BmNPV bacmid derivatives. Transfections were conducted in basal IPL-41 using the Escort IV reagent (Sigma-Aldrich).
For total nucleic acid isolation from insect cells, cell pellets were solubilized in 500 ml urea-lysis buffer and extracted as reported (Georgomanolis et al., 2009) . For RNA, total nucleic acid was treated with RNase-free DNase I (Thermo Scientific). The resulting DNA-free RNA was used as template for cDNA production using the RevertAid reagent (Fermentas-Thermo Fisher Scientific) and oligo-dT.
For virus titration, stocks were diluted 20-fold or 40-fold, and 1.4 ml from each dilution was used as template for a gp64-specific qPCR, as described (Efrose et al., 2010) . A BmNPV virus stock of known titre [10 9 p.f.u. ml
21
; calculated by endpoint dilution (O'Reilly et al., 1992) ] was used as calibrator.
Plasmid transfer and expression vectors. Vectors pEA, pEIA.myc (Douris et al., 2006) and pFastBac dual (pFBd; Invitrogen, 2004) have been described. Vector phsp70 is pBluescript-based and contains the Drosophila hsp70 promoter (transferred from vector pP[sopd]; Benedict et al., 1994) and the sv40 polyadenylation region (amplified from pcDNA3; Invitrogen). For LEF8 expression, the respective ORFs of BmNPV (Bmlef8, termed throughout lef8, gene ID 1488670; Farrell, 1998) , AcMNPV (Aclef8, gene ID 1403882; PCR-amplified from the AcMNPV genome as a Bam HI-Not I fragment) and Cotesia congregata (Cclef8, GenBank accession no. FM201559.1; Bézier et al., 2009) were used. The myc-tag (33 nt), wherever used, was procured by cloning the ORF of interest into the pEIA.myc or pEA.myc vector. Vector pTVDlef8 contains the viral regions 40230-38228 (designated 59 lef8 flank) and 35588-33485 (designated 39 lef8 flank), which represent approximately 2 kb of viral sequence up-and downstream respectively of the lef8 ORF, separated by a unique Sac I site. All BmNPV genetic coordinates correspond to the genetic map of T3 viral isolate (Gomi et al., 1999) .
To make the transfer vector for the Dlef8 construction, the A.yfp cassette, consisting of the Bombyx actin A3 gene promoter, the e-yfp ORF and the bovine growth hormone (bgh) poly-adenylation region (Post et al., 1992) , was inserted into the Sac I site of pTVDlef8, along with the Zeocin expression cassette, to create vector pTVA.yfp/zeo. A similar procedure was used for the construction of pTVA/zeo (actin promoter/zeo vector used in the A.orf40 Dlef8 bacmid). The structure of the above plasmids between the lef8 flanks is as depicted in Figs 1(a), lower and 5(a) To obtain pEA.orf40, the orf40 was PCR-amplified using wt bacmid as template with appropriate primers (Bm40, Table 1 ). The orf40 PCR product contained the native 21 to 24 upstream sequence. After appropriate restriction, orf40 was inserted into the pEA vector.
Bacmid engineering. BmNPV bacmid (Motohashi et al., 2005) was obtained from Drs K. Maenaka, Kyushu University, Japan, and E.Y. Park, Shizuoka University, Japan. The lef8 ORF KO bacmid was constructed using the l phage Red recombination system (vector pKD46; Datsenko & Wanner, 2000) , which utilizes the ends of linear DNA fragments as targeting elements to mediate homology-driven replacement of the corresponding target genome area by the linear fragment (Vanarsdall et al., 2005) . To induce replacement of the lef8 ORF (Fig. 1a) , we used the linear Xcm I-Sca I fragment, isolated from plasmid pTVA.yfp/zeo. The same procedure was used for KO bacmid A.orf40 Dlef8 (linear Mlu I-Sca I fragment from pTVA/zeo). Positive clones were verified structurally by appropriate PCRs and sequencing, expanded and stored.
Extra-viral LEF8 complementation/rescue experiments. To test for complementation, the Dlef8 bacmid was transfected in Bm5 cells alone (control) or with each of the LEF8-and/or ORF40-producing rescue plasmids, and the results were monitored through microscopy and quantitative PCR (qPCR) for 1-2 weeks. At various time points, supernatant was harvested and applied to fresh cultures to check for virion presence through YFP expression. A Zeiss Axiovert 25 with a Canon G9 imaging system was used for observation.
Homologous recombination and transposition vectors. Transfer vectors for homologous recombination into the lef8 locus were made by inserting the following into the Sac I site of vector pTVDlef8 (Farrell, 1998) : myc-lef8 (Sma I-Not I fragment from pEIA.myc-lef8 plasmid), myc-aclef8 (Bam HI-Not I fragment from pEA.myc-aclef8), cclef8 [PCR-amplified from a C. congregata genome fragment (gift from Dr Jean-Michel Drezen, University of Tours, France)], hsp70.lef8 (Apa I-Sac I fragment from phsp70.lef8), A.lef8 (AscI fragment from pBmA.lef8; Farrell, 1998) . For homologous recombination into the functionally neutral site around position 65745, between p15 and p95 (Iatrou & Swevers, 2005) , the vector pCG30/P39 (Lu & Iatrou, 1996) was used with the hsp70.lef8 cassette cloned in the Stu I site (position 65745).
The Dlef8 bacmid was co-transfected into Bm5 cells, along with each of the above homologous recombination-competent plasmids. Cellfree supernatant was serially diluted through five orders of magnitude (10 21 -10 25 ) and applied to fresh Bm5 cultures. Each successful recombination into the lef8 locus would replace the A.yfp/zeo cassette of the Dlef8 with the respective rescue element; thus a YFP 2 phenotype was used as a criterion for isolation. The highest dilution yielding a YFP-negative culture with signs of infection (cell detachment) was harvested. The lack of YFP signals, and thus lack of Dlef8 carry-over, was further verified in a new infection (passage 1). Structural and molecular characterization was conducted with passage 1 and laterpassage bacmids, which were considered to be homogeneous.
The pFBd hsp70.lef8/polh plasmid, based on the pFBd vector (Invitrogen), was used to insert the hsp70.lef8/polh element (BmNPV polyhedrin ORF driven by the vector's AcMNPV polyhedrin promoter Ppol) in the Tn7 locus of the Dlef8 bacmid as described (Invitrogen, 2004) . The hsp70.lef8 fragment derived from phsp70.lef8 was inserted in the pFBd polh backbone, thus creating pFBd hsp70.lef8/polh. Another pFBd vector, bearing the egfp ORF driven by the vector's Acp10 promoter and again the Ppol.Bmpolyhedrin cassette, was used in the construction of the polh/p10.gfp/A.orf40 Dlef8 bacmid.
PCR. Endpoint PCR was conducted at 94 uC for 3 min and 35 cycles of 94 uC for 45 s, 60 uC for 35 s and 72 uC for 1 min per kb extension product. The DreamTaq (Thermo Scientific) and HyTestTaq polymerases were used. Primers were used at a concentration of 4 ng ml 21 in 25 ml final volume. For ORF amplification, the high-fidelity Platinum Taq was used (Life Technologies). qPCR reactions were conducted at 95 uC for 10 min, and subsequently for 40 cycles of 95 uC for 5 s dissociation, 60 uC for 30 s annealing, and 72 uC for 5 s extension. The Kapa SYBR Fast (Kapa Research) was used on a Stratagene Mx3000P instrument with MxPro v.4.1 software. For qPCR on DNA, 70 ng template per reaction was used. Primers were TTAATTGTTTTGTGGAGGCT -used at 3 mM concentration in a 15 ml reaction volume. For RT-qPCR, cDNA samples were diluted 1 : 40 and 2 ml was used as template.
The results were processed through the LinRegPCR software (Ruijter et al., 2009) and were normalized to the respective values of the cellular reference gene, Transcription Initiation Factor 3, subunit 4 (TIF; Wang et al., 2008) . TIF remained reliable up until the 71 h time point, and results concerning transcription are thus presented up to that point.
The results are provided calibrated to the respective viral or transcript copy numbers of the wt bacmid. Transcript copies are expressed per viral genome throughout. For this, transcript values obtained after calibration to the wt were divided by the ratio of Dlef8 to wt bacmid to account for differences in viral copy numbers.
PCR primers (Tables 1 and 2) were designed using the Primer 3.0 (Rozen & Skaletsky, 2000) and the PerlPrimer open-source software (Marshall, 2004) and cross-checked for specificity with Primer-BLAST (Ye et al., 2012) . The quality of qPCRs was monitored by dissociation curve and in silico (LinRegPCR) analysis.
In time-course experiments, time point 0 was considered the end of transfection or the addition of the virus, depending on experiment type. At 1-2 h p.i., the virus-inoculated supernatant was removed, and the culture was washed once in complete medium and finally supplemented with complete medium.
DNA and protein in silico analysis. BioEdit v.7.2.5 (Hall, 1999 ), NCBI's nucleotide BLAST (Altschul et al., 1990) and MEME tools (Bailey et al., 2009) were used. In silico protein analysis was conducted using NCBI's pBlast, Conserved Domains (Marchler-Bauer et al., 2011) and Superfamily (Wilson et al., 2009) programs.
